Introduction
Nowadays, there is a great interest in the development of fluorescent sensors for quantifying and exploring the role of zinc(II) in medicine and biology as well as in the environment. [1] [2] [3] [4] [5] Zinc, always occurring as a divalent cation [zinc(II)] in biological systems, is the second most abundant (common) transition metal following iron. Today more than 300 different zinc proteins are known. These include numerous essential enzymes which catalyze the metabolic conversions (synthases, polymerases, ligases, transferases) or degradation (hydrolases) of proteins, nucleic acids, lipids, porphyrin precursors and other important bioorganic compounds. Until recently, zinc(II) has mainly been considered as an important element in structural and regulatory cellular functions; 6, 7 however, its importance in DNA synthesis, gene expression, neurobiology and in apoptosis has also become apparent. 1, [7] [8] [9] [10] Therefore it is not surprising that zinc(II) is closely associated with severe pathological diseases, such as Alzheimer's disease and familiar amyotropic lateral sclerosis 11 and its intracellular concentration is under strict control. 12 The concentration of free zinc(II) ion in biological cells varies from about 1 nM in the cytoplasma of many cells to about 1 mM in some vesicles.
The fluorescent method is likely to be one of the effective ways to detect zinc in the submicromolar region. So far, a series of synthetic fluorescent molecules (ionophores) have been reported for detecting zinc ion as quinoline derivatives (TSQ, Zinquin, Danquin), [1] [2] [3] [4] [5] 13 bis(2-pyridylmethyl)amine derivatives (di-2-picolylamine DPA, N,N,N¢,N¢-tetrakis(2-pyrydilmethyl)-ethylenediamine TPEN, Newport Green, Zynpyr1-4, ZnAF1-3, EU7 and ZnAB), [1] [2] [3] [4] [5] [14] [15] [16] [17] acyclic and cyclic polyamines (ZnACF1, ZnACF2, Rhodofluor-2) [2] [3] [4] 18, 19 as well as biological compounds (peptides, proteins, nucleic acid). [2] [3] [4] 10 The nanocapsule probe incorporating fluorescent molecules, termed "probe encapsulated by biologically localized embedding" (PEBBLE) found wide application in biology for detecting different ions including free zinc. 4, 20, 21 To date, some probes incorporating TSQ, Zinquin and Newport Green have successfully been used to elucidate the role of biological zinc(II), especially in neuronal systems with cell stain using fluorescent microscopic techniques. [1] [2] [3] [4] [5] Moreover, optical sensors are of importance also from the point of view of pharmaceutical and environmental zinc analysis. Studies on the development of flow through UV-vis and fluorescent optical zinc sensors can be occasionally found in the chemical literature.
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(often called chemosensors) demonstrate moderate selectivity and sensitivity, while biological molecules, although they show high selectivity, are less widely used in practice due to their limited lifetime. In the light of the above, novel zinc sensors with high selectivity, sensitivity (picomolar or even femtomolar) and a wide linear response range (from millimolar to picomolar level) are still highly desired. 4 The objective of our study was to synthesize novel fluorescent molecules for developing optical zinc ion-selective sensors. The iminodiacetamide derivatives, reported as highly selective zinc ionophores in potentiometric sensors in an earlier work from our laboratory, 22 were chosen for this purpose and a number of ligands (ionophores) were synthesized by the attachment of different fluorescent signalling groups to the iminodiacetamide molecule (coordination site). As a first step these fluorescent compounds I -V (Fig. 1) were characterized by UV-vis and fluorescent spectrophotometry in acetonitrile; the stoichiometry as well as the stability constants of the relevant zinc-ionophore complexes were also determined.
Experimental

Instrumentation
The UV-visible absorption spectra were recorded with a UNICAM UV4-100 Type double-beam spectrophotometer controlled by VISION 3.4 software (ATI UNICAM, Cambridge, UK). The Perkin Elmer LS 50B single-beam luminescent spectrometer equipped with FL WinLab 3.0 TM software was used for recording fluorescent spectra. Both the emission and excitation spectra were corrected by the spectrometer software. Quartz cuvettes with path length of 1 cm were used. The potentiometric measurements were carried out with Metrohm 713 Type (Switzerland) or Horiba (Model F-16) (Japan) digital pH/mV meters equipped with Metrohm combined pH glass electrodes; solvotrode (Cat. No. 6.0229.100 LL) for nonaqueous, and solitrode (Cat. No. 6.0220.100 LL) for aqueous measurements. NMR spectra were recorded in chloroform-d at 500/125 MHz on a Bruker Avance DRX-500 spectrometer using tetramethylsilane as the internal standard.
Chemicals
Nonaqueous solvents were HPLC grade (Carlo Erba Reagenti 
Synthesis of ionophores
Ligands I -II were described in Refs. 22 and 30. Ligands III and IV were synthesized analogously (a), V was obtained by the route (b) according to Scheme 1. 
Characterization of the new ligands III -V N-(3-Methoxyphenyl)-bis(N¢,N¢-dicyclohexyl)iminodiacetamide (III
Analytical procedures
Complexometric titration of metal perchlorate salts. 31 The metal perchlorate salts are very hygroscopic. The 2 ¥ 10 -2 M stock solutions of copper(II), zinc(II), cadmium(II), magnesium(II) and calcium(II) perchlorate salts were prepared in acetonitrile or methanol. The exact metal ion concentrations were determined by complexometric titration. The titrant was 0.05 M EDTA (f = 0.926). For the zinc(II), cadmium(II), magnesium(II) and 
Spectrophotometric measurements
Determination of pKa, the complex stoichiometry and stability constants Ks. From the iminodiacetamide derivatives and the metal salts, 10 -3 M stock solutions were prepared in methanol. The appropriate portions of both were pipetted into 10 or 5 cm 3 volumetric flasks with a Hamilton syringe, and the flasks were filled up to the final volume with acetonitrile or methanol or methanol buffer solutions. The volume of ligand stock solution was always 50 ml for the 5 cm 3 and 100 ml for the 10 cm 3 volumetric flasks. The metal ion/ionophore concentration ratio was changed between 0 -2 values. The pH buffer solutions in methanol solvent were used for the conventional spectrophotometric pKa determination. The pH buffer solutions were prepared as in Ref. 32 (0.02 M salycilic acid, lithium methylate and tris(hydroxylmethyl)aminomethane maleate (Tris-maleate) stock solutions were prepared in methanol. The appropriate volumes of these stock solutions were poured together and the pH values of the buffer solutions were checked and adjusted to the required value).
At first, the fluorescent spectra of the pH buffer solutions containing only the protonated or the deprotonated form of the ionophore were recorded.
Subsequently, the fluorescent spectrum of the compound was taken in a buffer solution of intermediate pH value, which contained both the protonated and deprotonated species in commensurable quantities. The pKa value was calculated by considering the pH and fluorescent intensity value (I) of the intermediate pH buffer solution as well as the fluorescent intensity values (IHL and IL) of the fully protonated and fully deprotonated species at a selected wavelength: 33, 34 
The mole-ratio method was used for the determination of the stoichiometry and the stability constants of the ion-ligand complexes. [33] [34] [35] Fluorescent spectrum series were recorded at different metal ion/ionophore ratios. The stoichiometry and the complex stability constants Kst were calculated from the function of the fluorescent intensities recorded at a selected wavelength and the metal ion/ionophore ratios. These measurements were carried out in acetonitrile or in methanol buffer solutions. Measurement of the fluorescent quantum yield. The fluorescent quantum yields of ionophores and their metal complexes were determined with reference to quinine sulfate. At first, a common wavelength equally characteristic of the analyte species and the reference standard was chosen near the absorbance maxima in the UV-vis spectra, and then the fluorescent emission spectra of the analyte and reference standard solutions (quinine sulfate in aqueous 0.05 M H2SO4) were recorded at the selected excitation wavelength. The fluorescent quantum yield (ffl) was then calculated according to the following equation:
where ffl and ffl¢ (ffl¢ = 0.55) 36, 37 are the fluorescent quantum yields of the analyte and the reference standard solutions, A and A¢ the absorbances of the analyte and the standard solutions at the excitation wavelength, while Ifl and Ifl¢ the areas under the emission curves of the analyte and standard solutions, respectively. For fluorescent efficiency measurements, the concentrations of the solutions were adjusted to exhibit absorbance values less than 0.1, to minimize errors arising from the instrument inner filter. [36] [37] [38] Potentiometric measurements. Membrane composition: 1 wt.% ligand (ionophore), 33 wt.% PVC, 66 wt.% plasticizer and lipophilic KTpClPB salt additive (about 0.7 mole ratio with respect to the ionophore). The membranes were prepared according to Craggs et al. 39 and membrane discs of 7 mm diameter were cut and mounted into Philips IS 560 electrode bodies.
The selectivity coefficients were determined with the separate solution method at 0.1 M metal ion concentration level assuming theoretical slopes. 40 To avoid problems due to hydrogen ion interference, the pH values of all solutions were checked and adjusted them to pH 6.00 with 5 ¥ 10 -2 M sodium acetate/acetic acid buffer solution, except during the selectivity measurements for sodium ion. For the latter, 5 ¥ 10 -2 M potassium acetate/ acetic acid buffer solution was used.
The EMF potential measurements were performed at room temperature with a Metrohm 713 Type digital pH/mV meter coupled to a six channel manual electrode switch (home made). As a reference electrode, a double junction Ag/AgCl, 0.1 M KCl electrode with 1.0 M lithium acetate salt bridge (Radelkis Model OP-0820P) was used.
The EMF values measured were corrected for liquid junction potential and the ionic activities were calculated according to the extended Debye-Hückel equation using the constants published. 41 All experiments were carried out at least in duplicate sets.
Results and Discussion
Prelimenary investigations
The aim of this work was the UV-vis and fluorescent characterization of ionophores III -V. These compounds (ionophores) comprise the same bis(carboxamide) binding site as reference I found to exhibit distinct potentiometric Zn 2+ selectivity. 22 The stoichiometry of I-Zn 2+ complex was determined earlier by 1 H NMR, FAB MS and elemental analysis as well, 30 and I/Zn 2+ = 2:1 was found. As the molecules III -V possess fluorescent signalling groups, we expected to study their complexation with different metal ions by optical signal transduction (UV-vis and fluorescent methods). However, it was observed earlier that the behavior of potentiometric and optical sensors based on iminodiacetamide derivatives 22 is affected by the solution pH. Thus, as a first step, in the present work the acid-base properties of compounds I -V were studied. The classical method based on the optical measurement of the ratio of the protonated and deprotonated forms of the compounds at a given pH was adopted for the pKa determination of these compounds. 33, 34 Unfortunately, the pKa determinations of compounds I -III by UV and fluorescence spectroscopy failed due to the absorption of the buffer components in the UV range; in addition they exhibit no (II) or poor fluorescence (I and III). However, the pKa values of compounds IV and V containing 2-naphthyl and 9-anthrylmethyl groups could successfully be determined by fluorescent measurements in methanol solutions. We found the pKa values equal to 7.72 ± 0.03 for compound IV and 7.92 ± 0.12 for compound V. Hereafter, we dealt with the 
The UV-vis and fluorescent characterization of compounds
The UV-vis spectrophotometric properties of compounds I, III -V as well as their metal complexes are compiled in Table 1 , while the features of fluorescent emission spectra (wavelength of peak maximum, quantum yield) are summarized in Table 2 . The (logarithm) stability constants and stoichiometry of ionophore-metal ion complexes determined by the mole-ratio method are also shown in Table 2 . The data in Table 1 clearly show that the UV-vis spectra of compounds IV and V, recorded in acetonitrile, display similar characteristics as those recorded for naphthalene and anthracene, respectively. In the fluorophore a. The UV-visible spectra were recorded in acetonitrile. The concentrations of compounds were 1 ¥ 10 -5 M. The metal ion/ionophore (cMe/cL) ratio was 2 in the cases of ionophore-metal ion complexes. b. Absorbance shoulder was observed only. a. The uorescent spectra were recorded in acetonitrile. The concentrations of compounds were 1 ¥ 10 -M. The metal ion/ionophore (cMe/cL) ratio was 2 in the cases of ionophore-metal ion complexes. b. The uorescent intensity decreased continuously with the addition of calcium ions. It seems likely that the uorescent response will be constant at a considerable excess of calcium, which means that the stability constant of I-Ca complex is much smaller than that of compound I-Zn complex. c. The stability constant of I-Cu complex could not be determined since the measuring points were consistent very exactly with the tted lines. The intersection was at 0.5. It is probable that the stability constant of I-Cu complex is considerably higher that value of I-Zn complex.
moieties, the more extended conjugation of the p-electrons with the imino group causes some red shift of the absorption bands and the absorption intensities are smaller (hipochromic effect). In the case of compounds I and III, a more significant red shift and an intensity increase (hiperchromic effect) were observed in comparison with anisole and aniline as well as benzene parent compounds.
In contrast, a considerable blue shift (hipsochromic effect) of the absorption peaks and intensity changes appeared in the spectra of I, III and IV metal ion complexes, while those of V containing an anthryl group, showed some red shift and the absorption intensities varied to a less extent.
The similar trend can be observed in the fluorescent measurements (Table 2 and Fig. 2 ). Complexation was accompanied by a decrease in the fluorescent intensities of compounds I, III and IV; meanwhile, the emission peaks showed some blue shift (hypsochromic effect). However, in the case of compound V, the fluorescent intensities were considerably increased upon addition of metal ions (Zn 2+ , Cd 2+ , Ca 2+ and Mg 2+ in Figs. 3 and 4) , with a 25 -30-fold enhancement of the quantum yields as compared to the pure ionophore V in acetonitrile (Table 2) . On the contrary, the quantum yield of VCu(II) decreased to about a third of that of free ligand V. The emission maxima shifted to higher wavelengths (batochromic effect). The considerable increase in the fluorescent intensities as an effect of Zn 2+ , Cd 2+ , Ca 2+ and Mg 2+ ion addition is in accord with a hindered PET process caused by complexation, decreasing the HOMO energy level of the coordination site. 4, 38, [42] [43] [44] [45] Copper ions are capable of facilitating the electrontransfer of the PET mechanism, thereby resulting in fluorescence quenching. The fluorescent spectra of none of the compounds changed considerably (Fig. 2) upon addition of potassium and sodium ions, indicating the lack of binding or weak complex stabilities. Also, no important change in the intensity of the emission spectrum of compound I was observed in the presence of magnesium ions.
Stoichiometry and stability of ionophore-metal ion complexes
As expected from the earlier results of I, 30 ligands III -V form complexes of a 2:1 (ligand/metal) stoichiometry with zinc(II) ion, which is demonstrated for V in Fig. 4 . The same stoichiometry was determined for other ions also (Table 2 ). In contrast, the complex stoichiometry of III and IV with copper and magnesium ions and V with copper ion was found to have a 1:1 ratio. ) metal ions. The alkali and alkaline earth metal ion selectivity coefficients (KZn/M) 22 were in the range of 10 -3 -10 -4 . The selectivity values estimated on the basis of the complex stability data determined by the fluorescent method are essentially in accord with the potentiometric results. No complex formation was observed with potassium, sodium and magnesium ions. The fluorescent intensity decreased continuously as an effect of the increase of the calcium ion content in the solution. It seems likely that the fluorescent response will be constant at a considerable excess of calcium ions, which predicts that only a weak complex is formed. The stability constant of I-Cd complex was found to be almost two orders of magnitude smaller than that of I-Zn complex. The stability constant of copper complexes could not be determined, as the measuring points were consistent very exactly with the fitted straight lines (The intersection of the fitted lines was 0.5). From these results it is probable that the stability constant of ligand I-Cu complex is considerably higher than that of ligand I-Zn complex. By comparison, the fluorescent quantum yield of ligand I fell to about 1/400 after addition of copper ions. The quantum yields dropped to about 1/24 on zinc addition, to 1/6 on cadmium addition and to 1/10 on calcium addition, respectively. Based on all these, ionophore I seems appropriate to fabricate either a zinc or a copper fluorescent sensor with good selectivity in the presence of Ca 2+ , Mg 2+ , K + and Na + ions, but rather an indirect one (i.e. in combination with fluorescent acid-base indicator) due to its poor fluorescence in the UV range. [2] [3] [4] 10 The stability constant of IV-Zn complex is almost two orders of magnitude higher than that of the Ca, and more than one order of magnitude higher than that of the Cd complex. In contrast to compound I, the fluorescent quantum yield of compound IV changed to a less extent upon metal ion addition. It dropped to 1/2 by the addition of zinc and to 1/3 by cadmium ion addition. A larger decrease in the quantum yield was observed by the addition of copper ion, which fell to 1/75 of free ligand IV. Similarly the quantum yield and fluorescent intensity of ionophore III considerably decreased due to complexation with zinc and copper ions. However, the difference in the stability constants of ionophore III complexes was found to be smaller by one order of magnitude in the cases of zinc, cadmium and calcium complexes. The reason for this is that the methoxy group of III can participate in coordination with metal ions. The tetradentate ionophores or 8 coodination numbers are favorable to calcium ion complexation as in the case of ligand V (vide infra).
For fabrication of a direct fluorescent sensor, ligand V seems favorable, as its fluorescent intensity is increasing on complex formation (off-on) in contradiction to the other three compounds (on-off). However, its Ca 2+ and Mg 2+ complexes were found to be more stable by a factor of five or ten than the relevant zinc and cadmium complexes. In addition, the fluorescent quantum yield of V increased to about 25 -30-fold upon addition of zinc, cadmium, calcium or magnesium ions. At any case, this behavior is a surprise even if no complex formation were observed with sodium and potassium ions. In comparison with compounds I and IV, the higher stability constants of V-Ca and V-Mg complexes and the smaller stability constant of V-Zn complex require some explanation. Accordingly, we assume that an additional cation-p interaction between the anthryl group and the alkaline earth metal ions can contribute to the complex stabilization, as found in the case of dioxo-cyclam Ni(II) complex containing 1-naphthyl pendant bridged by a methylene moiety. 46 Probably the methylene spacer between the carboxamide binding site and the fluorescent moiety provides sufficient flexibility to V, allowing the participation of the anthryl group in complexation. Thereby it behaves perhaps as a tetradentate ligand (two carbonyl groups, a sp 3 nitrogen atom and the aromatic p-donor) which is favorable to bind alkaline earth metal ions resulting in increased stability constants. Although Zn 2+ is complexed preferably by three or tetradentate picolylamine ionophores, 1-5,14-17 our bis(carboxamide) ligands I and II were proved by NMR spectroscopy to bind zinc ion in a hexacoordinate complex 30 where the aromatic groups are too far from the central cation and cannot take part in binding.
Potentiometric measurements
Parallel to fluorescent measurements ionophores I, III -V were embedded in plasticized poly(vinyl chloride) membranes and tested as potentiometric sensors. The selectivity coefficients were determined by a separate solution method using standard solutions containing mainly 0.1 M metal ions and acetate buffer (pH 6.00). The potentiometric results are summarized in Table 3 ; the data clearly show that the zinc selectivity values of ionophores III -V are much more favorable than in the case of fluorescent measurements in acetonitrile. The potentiometric zinc selectivity of compound I was found about as favorable as with fluorescent measurements and analogous to the previous potentiometric investigations. 22 The zinc selectivity change is remarkable in the case of compounds III and V incorporated PVC membranes which exhibit better zinc selectivity over sodium, potassium, calcium and magnesium ions with values more than several orders of magnitude higher than those obtained by the fluorescent measurements. The cadmium selectivity was found to be almost the same as the zinc selectivity. This discrapancy is probably due to the restricted molecular motion of ligands in a plasticized PVC membrane matrix as compared to that in acetonitrile solution. The latter prevents the complex stabilization by an additional methoxy group coordination and cation-p interaction between the fluorophores and metal ions; thereby the ionophores cannot behave as a tetradentate ligand and preferably bind with alkaline earth metal cations. Similarly, a better zinc selectivity over calcium and magnesium ions were observed with UV-vis optodes based on ligand V incorporated in plasticized PVC membrane. 47 
Conclusion
Iminodiacetamide derivatives with fluorescent signalling groups (I -V) as (potentially) selective ligands for optical zinc sensors were synthesized and characterized by UV-vis and fluorescent spectrophotometry as well as by potentiometry. The fluorescent measurements in acetonitrile revealed that N-(2-naphthyl) (IV) and N-phenyl (I) derivatives possess distinct zinc selectivity over alkaline and alkaline earth ions and the metal ion responses due to fluorescence quenching. The N-(anthrylmethyl) (V) and N-(3-methoxyphenyl) (III) derivatives showed a reverse pattern in fluorescent measurements as an effect of metal ion addition, but no zinc ion-selectivity was observed. However, in plasticized PVC membranes they exhibited also an increased potentiometric zinc ion-selectivity. This anomaly can be explained by the more restricted molecular motion of the ligands in PVC membrane than in acetonitrile. On complex formation of compound V, the fluorescent signals increased to ca. 25 -30-fold as compared to that of the metal free ligand (off-on), which can be interpreted by the photoninduced electron transfer (PET) mechanism. Studies for developing of UV-visible and fluorescent optode sensors are now in progress in our laboratory with the most promising ionophores: I, IV and V. 47 
